An analysis of the beam down optical experiment (BDOE) performance with full concentration is presented. The analysis is based on radiation flux distribution data taken on Mar. 21st, 2011 using an optical-thermal flux measurement system. A hypothetical thermal receiver design is used in conjunction with the experimental data to determine the optimal receiver aperture size as a function of receiver losses and flux distribution. The overall output of the plant is calculated for various operating temperatures and three different control strategies namely, constant mass flow of the heat transfer fluid (HTF), constant outlet fluid temperature and real-time optimal outlet fluid temperature. It was found that the optimal receiver aperture size (radius) of the receiver ranged between (1.06 and 1.71 m) depending on temperature. The optical efficiency of the BDOE ranged from 32% to 37% as a daily average (average over the ten sunshine hours). The daily average mean flux density ranged between 9.422 kW/m 2 for the 1.71 m-receiver and 20.9 kW/m 2 for the 1.06 m-receiver. Depending on the control parameters and assuming an open receiver with solar absorptivity of 0.95 and longwave emissivity of 0.10. The average receiver efficiency varied from 71% at 300 C down to 68% at 600 C. The overall daily average thermal efficiency of the plant was between 28% and 24%, respectively for the aforementioned temperatures. The peak of useful power collected in the HTF was around 105 kW th at 300 C mean fluid temperature and 89 kW th at 600 C.
Introduction
Central receiver concentrated solar power plants promise higher energy conversion efficiency and consequently lower levelized energy cost (LEC) [1] . It is expected that 48% reduction in tower plant costs will come from technology research and development [2] . The beam down concept provides the opportunity of locating bulky receivers on ground level in addition to the use of smaller receiver apertures and a final concentrating stage, which is made possible by the narrower view angle of concentrated radiation [3] .
In order to demonstrate the potential of such configuration and investigate the possibility of a scale-up, a pilot 100 kW th BDOE was constructed in 2009 in Masdar City Abu Dhabi (24.442 N 54.617 E), see Fig. 1 . The heliostat field consists of 33 ganged-type heliostats of totaling 280.5 m 2 of reflective area [4] . In this paper, we present optical and thermal performance analysis of the BDOE based on experimental data collected in Mar. 2011.
Optical performance is quantified by the optical efficiency, which includes the effects of cosine loss, reflexion loss, beam attenuation loss, blocking, and shading loss in addition to light spillage around central reflector (CR) mirrors and around the receiver aperture (intercept factor).The combined effect of the aforementioned (except for the final intercept factor) is evaluated experimentally using the flux measurement system. The intercept factor is a function of receiver aperture and flux distribution. Consequently, the receiver aperture size must be specified in order to evaluate the optical efficiency.
Thermal performance depends on the thermal efficiency of the receiver, which is also a function of receiver aperture size/geometry. Thermal performance depends additionally on the receiver operating temperature.
Due to the inverse relationship of receiver size to optical and thermal efficiency, it is necessary to conduct an optimization, which is based on operating temperature and maximum daily energy collection.
2 Experimental Setup 2.1 Heliostat Field. The BDOE heliostat field is designed for research convenience, not to be implemented on the utility scale. The heliostats are arranged in three concentric rings designated by letters with the closest ring called ring (A) and the furthest one (C) as depicted in Fig. 2 . The numbers attached to these letters on the drawing increase in an anticlockwise manner with respect to the south of the field (pointing toward the top of the page). Note that four heliostats are missing from the each sector, one from the A-ring and three from the C-ring. This explains why there are 45 rather than 33 secondary mirrors on the CR.
Each heliostat is comprised of 43 flat facets-canted at different angles to create a Fresnel reflector such that the rays incident on the center of each facet will intersect (were the central reflectors absent) at the upper focal point of the CR. The area per heliostat is 8.5 m 2 yielding a total flat heliostat mirror area of 280.5 m 2 for the entire field. These unconventional heliostats allow for a better utilization of land space and a more compact system design compared to conventional heliostats (see Fig. 1(a) ).
Central
Reflector. The central tower is 16.0 m in height, supporting 45 fixed, flat CR mirrors. Each of the 33 CR mirrors currently in use reflects the converging rays from one heliostat back down onto the target (Table 1) .
The CR mirrors are arranged in concentric circles corresponding to the heliostat rings. The mirrors in each ring are tilted with respect to the normal of the target by the same angle, creating a hyperboloidal Fresnel reflector. The innermost ring corresponds to the heliostats' A-ring, and has the smallest tilt angle of the three, whereas the ring located furthermost from the center of the tower corresponds to the C-ring heliostats (Fig. 2) .
The CR mirrors in the BDOE plant are exposed to about 10 suns. Use of a multifaceted CR reduces temperature related mechanical stress and improves natural cooling, thus avoiding the thermal stress problem. In addition, using separate reflectors as opposed to a continuous monolithic hyperboloid surface reduces manufacturing, shipping, and erection costs.
2.3 Measurement System. To study energy flux distribution and its magnitude on the receiver plane of the BDOE, the concentrated solar radiation is intercepted by a 5 m Â 5 m ceramic tile target, located 2.3 m above ground level (see Fig. 1 ). These white tiles can withstand the high flux levels and are highly reflective in a diffuse manner approximating a Lambertian target. This allows a CCD camera located at the top of the tower to measure the distribution of luminous intensity. Embedded within the tiles at eight locations are heat flux sensors (HFS) to measure the concentrated solar flux. The HFSs only provide discrete thermal flux data and the CCD camera provides data of the luminous intensity on the target. A correlation was developed between the flux sensor data and the CCD camera data so that an accurate measurement of flux distribution can be obtained. In this way enough information of flux distribution on the focal plane can be acquired at each moment of time which allows the study of the BDOE performance under various conditions.
The CCD camera temperature is controlled by a combination of heating and cooling devices. A proportional integral differential controller regulates the air pressure supplied to a vortex cooler in order to keep the CCD camera temperature constant at 23 C. The heat flux sensors used in the measurement system also require cooling. For accurate heat flux measurement, it is more important to prevent transients in water temperature than to keep a precise set point. Cooling water is supplied from a tank of sufficient thermal mass to prevent any abrupt change in the water temperature and to operate for several hours with less than 20 K temperature rise. The water temperature going into the sensors and the outlet temperature of each sensor are recorded and then used in correcting the HFS for thermal losses using a correction model developed in Ref. [5] .
The foregoing combinations of optical and thermal radiometry provide the required flux maps. While heat flux measurement is accurate and reliable, it is only feasible to be implemented at discrete points on the target. Optical methods on the other hand are less accurate but provide very high spatial resolution. Heat flux measurement is used as a reference for calibrating the optical system and hence combining the advantages of the two methods. Similar hybrid measurement systems have been used to measure heat flux on the targets of parabolic dishes [6] and tower plants [7, 8] .
Performance Analysis
In this section, we present the method used for analyzing the performance of the BDOE. The optical performance of the plant (not including the intercept factor) is evaluated from the experimental results acquired by a flux measurement system. Then, the intercept factor and the receiver thermal performance are evaluated simultaneously for varying operating temperatures using the aperture size optimization algorithm which is described later in Sec. 3.2.
3.1 Receiver Thermal Performance. Heat loss from solar receivers is a subject of much literature. McDonald [9] presented a comprehensive investigation of heat loss from cavity receivers including convection, radiation and conduction. Receiver convection loss has been studied in great detail by Clausing [10] [11] [12] and others [13] [14] [15] [16] . These studies included analytical and numerical models supported by experimental studies for various geometries and receiver orientations. Most of these studies only considered losses from downward facing receivers, Leibfried and Ortjohann [13] also considered upward facing receivers.
Although some studies considered wind induced forced convection [17] , most studies neglected forced convection loss from cavity receivers [10, 13, 14, 16] .
In this paper, we base our analysis on the performance of an upward facing open receiver and neglect forced convection effects because the mean wind speed during the test was small (2.6 m/s).
Here, we present the equations and procedure used in assessing the performance of a hypothetical receiver. The method is based on the Hottel-Whillier equation [18] as presented in Duffie and Beckman [19] . The HTF selected for the analysis is liquid sodium. Under steady state conditions the net useful power output of the receiver is the difference between the absorbed solar radiation and the thermal loss from the receiver surface.
where _ Q u is the useful heat output, a is the absorptivity of the receiver in the solar spectrum (taken as 95%), _ Q in is the solar power intercepted by the receiver aperture, A, U L is the overall heat loss coefficient, T mp is the mean plate temperature, and T e is the air temperature both in K.
Equation (1) is reformulated in terms of the inlet fluid temperature (T fi ) and the heat removal factor (F R ). F R is introduced to account for the underestimated losses calculated based on the inlet fluid temperature (T fi ) instead of mean plate temperature.
The heat removal factor F R is the ratio of useful gain to what it would have been had the whole absorber plate been at the inlet fluid temperature [19] . F R is given by
where _ m is the mass flow rate, C p is the specific heat of HTF, and F 0 is the receiver plate efficiency factor [19] that accounts for the thermal resistance between the plate and the fluid inside the tubes
where D o is the outer tube diameter, D i is the inner tube diameter, and h f is the convection heat transfer coefficient between the inner wall and the fluid given by
For liquid metals like liquid sodium, a convection heat transfer correlation between the fluid and the tube walls is given by [20] Nu f ¼ 6:3 þ 0:0167R where Pr is the Prandtl number, which is the ratio between kinematic viscosity and thermal diffusivity Pr ¼ /a, and Re is the Reynolds number which represents the ratio between inertial and viscous forces Re ¼ vD/. The overall heat loss coefficient U L accounts for all heat losses from the receiver. There are five main loss mechanisms associated with the receiver of a concentrated solar plant: convective loss, radiative loss, conductive loss, loss due to reflection, and spillage. Conductive heat losses are assumed to be negligible compared to other loss mechanisms, while losses due to spillage are accounted for in the calculation of radiant power intercepted by the receiver (Sec. 3.2). Reflective losses and spillage around the CR are accounted for by the fact that radiation is measured at receiver aperture level.
According to Ref. [21] , in a well designed receiver, thermal losses account for 5-15% of incident, hence a reasonable estimate using T mp is adequate to determine receiver performance.
We assume, as mentioned earlier, that the dominant convection mode is free convection and that forced convection is negligible. The aperture Nusselt number for laminar and turbulent flows are given by [20] 
where Grashof number for free convection is given by [20] Gr L ¼ bDTgL 
where b is the volumetric thermal expansion coefficient in K À1 , DT is the temperature difference between mean plate temperature (T mp ), and ambient air temperature (T e ) in K, g is the gravitational acceleration in m/s 2 , L ¼ 2 R is the characteristic length of the receiver equal to its diameter in m, and is the kinematic viscosity of air in m 2 /s. Hence the convection heat transfer coefficient
where k is the is the conductivity of air in W/mK and L ¼ 2 R is again the aperture diameter in m. The temperature dependence of fluid properties was taken into account during calculations.
The radiative heat loss is given by
where _ Q rad is the radiative heat loss in W, E is the longwave emissivity (taken as 10% assuming selectivity to reduce radiative losses. The selectivity mechanism is assumed to remain stable across the operating temperature range), T mp is the mean plate temperature and T sky is the effective sky temperature both in K. A pyrgeometer was used to measure effective sky temperature during the experiment. Hence, the linearized radiative heat transfer coefficient relative to air temperature may be defined as
The mean plate temperature T mp required for solving the previous equations can be calculated by
Finally, the overall heat loss coefficient is given by
3.2 Receiver Intercept Factor. The power intercepted by the receiver will depend on the receiver aperture size. Spillage is caused by various optical and mechanical errors in the concentration system, in addition to the effect of sunshape on beam widening. Fig. 3 depicts the day-average intercept factor variation with receiver aperture radius. The receiver intercept factor c is calculated as follows:
where R is the receiver intercept factor, R is the receiver aperture radius, and G(r, h) is the flux map defined in polar coordinates.
Receiver Aperture Sizing.
Optimal receiver aperture size is determined by maximizing the day average useful power in Eqn. 2. This is calculated based on the required outlet mean fluid temperature. An iterative algorithm is used for evaluating the receiver performance and finding the optimal receiver size. Depending on the temperature/flow control strategy used, the algorithm is slightly modified. The main calculation steps are:
(1) Calculation of cumulative radial flux distributions which give the relation between receiver size (R) and intercepted power (Q in ). 
Results
In this section, we present the results obtained from the evaluation of BDOE performance under full concentration using the experimental data collected and the receiver model we presented in Sec. 3.3. Direct normal irradiation (DNI) during the test day is shown in Fig. 4 . Figure 5 depicts the optical efficiency calculated based on the optimal receiver size chosen for each fluid outlet temperature. Optical efficiency represents the amount of energy that is intercepted by the receiver aperture normalized by the product of incident DNI and heliostat area. Optical efficiency accounts for all the factors that reduces the amount of concentrated radiation until it reaches the receiver, but before it gets converted into thermal power. Optical efficiency includes cosine factor, reflectivity of both heliostats and the CR mirrors, beam attenuation, CR intercept factor (spillage), incident angle modifier, blocking and shading of heliostats, and the intercept factor of the receiver. The test was conducted after all heliostat and CR mirrors were cleaned. The reflectivities of representative mirror samples were measured in the lab and were spectrally weighted with a 1.5 air mass solar spectrum. This analysis yielded an 80% reflectivity for the heliostat mirrors and 95% for the CR mirrors. Under normal conditions however, mirrors were left to soil for several days and the reflectivity of the mirrors was degraded by dirt and sand, accounting for a considerable optical losses. In Fig. 5 , it can be seen that the average efficiency of the receiver is varying with outlet temperature from 32% to 37%; this is because the optimal receiver size changes based on the specified outlet temperature. Since higher temperatures call for smaller receiver apertures, the optical efficiency is reduced directly by the lower intercept factor for smaller receiver radii. Figure 6 depicts the daily variation of intercept factor for different receiver sizes based on the upper limit of integration, R, in 14. The drop in intercept factor on either side of solar noon stems mainly from the well-known effects of off-axis aberration (astigmatism) associated with heliostat optics (Fig. 7) . The elongated flux distributions observed in morning and afternoon result in radiation spilling outside the receiver aperture [22] .
Optical Efficiency.

Receiver Thermal Efficiency.
Receiver thermal efficiency is a function of its mean temperature and incident flux per unit aperture size. Figure 8 illustrates as a function of aperture radius, the incident power on the receiver, convection losses, radiation losses, and net useful output. The curves are calculated for an outlet fluid temperature of 400 C. It can be seen that a maximum for net power occurs at a certain receiver radius. Figure 9 depicts the daily variation of receiver thermal efficiency for several outlet fluid temperatures, and also indicates that the receiver thermal efficiency at 300 C (R ¼ 1.71 m) is less than that at 400 C x and y axes are in pixels. Aberration is evident in early and late parts of the day which correspond to reduced intercept factor. (R ¼ 1.27 m). This is because the optimal receiver aperture size at 400 C is larger, which resulted in a higher thermal loss despite the lower operating temperature. At higher temperatures the effect of thermal losses starts to dominate over the aperture size and we see that thermal efficiency becomes mainly a function of outlet temperature. It is important to note that since receiver aperture size is optimized for overall efficiency, the overall efficiency is higher at 400 C than at the higher outlet temperatures will be shown in Sec. 4.3.
Overall Efficiency for
Heat and Power Output. The overall efficiency (Fig. 10) is the product of optical and thermal efficiencies, as expected it is inversely proportional to the outlet temperature and varying on average from 22% to 26%. Figure 11 depicts the thermal power output (kW) collected in the HTF for different temperatures. The total energy varies from 623.1 kWh at 400 C to 529.2 kWh at 700 C. Figure 12 
Comparison of Control Strategies.
The selection of the control strategy is often dictated by the consumer process, most processes require a constant temperature supply from the heat source. This obvious challenge for solar systems maybe overcome by some kind of thermal inertia (storage) or hybridization with fossil fuel based sources. Therefore, the solar engineer might have the choice between constant-temperature-variable-flow control strategy, constant-flow-variable-temperature control strategy or a variable-temperature-variable-flow control strategy that maximizes exergy (or other objective function).
While constant flow control is the easiest to implement practically because it requires less hardware and also simpler control, the merits of the other control strategies might justify the change, this has to be assessed on a system level. The objective function must be modified to include the consumer process operation parameters. Figure 13 shows simulation results for the three aforementioned control strategies. It can be seen in (a) that the differences between the three control strategies is small. This is because the constant temperature and constant flow rate were also selected by maximizing the objective function.
If the temperature deviates from the optimized constant temperature then the mechanical power will be lower (see Fig. 12 ). It should be noted that although the optimal mass flow and outlet Fig. 9 Receiver thermal efficiency. Average efficiency at 300 C is 71%, at 400 C is 73%, at 500 C is 71% and at 600 C is 68%. Fig. 10 Overall efficiency of the BDOE. Overall efficiency at 300 C is 28%, at 400 C is 26%, at 500 C is 25%, and at 600 C is 24%. Fig. 11 Thermal output of the receiver as function of time and outlet temperature Fig. 12 Maximum mechanical power, which is indicative of the solar-to-electricity efficiency of the BDOE temperature are constant in this example day, they are expected to change during the year. Moreover, the small differences among the control strategies are affected by receiver design, which, in this case, has low thermal losses. For less efficient receivers, the real time optimized temperature control strategy may have a significant advantage.
Conclusions
The overall efficiency of the BDOE is estimated to vary from 24% to 28% during the test day. The main losses in the system are optical losses: cosine loss, reflectivity loss, beam attenuation loss, blocking, and shading loss in addition to light spillage around CR mirrors and around the receiver aperture (intercept factor).
The optical efficiency of the system can be improved by better adjustment of the heliostats facet canting and also the canting of the CR mirrors to avoid spillage around the CR mirrors and the receiver, respectively.
The beam down optical arrangement suffers certain optical losses, mainly the CR spillage and reflection losses which are not incurred by a conventional tower receiver system. However, these losses may be outweighed by the potential to use a cavity type receiver and possibly a final compound parabolic concentrator optical element made possible by the relatively narrow angular distribution (maximum incident angle of 17 deg) of radiation incident on the receiver. Beam down plants have the additional advantage of locating the receiver at ground level to reduce installation and operational costs. 
Nomenclature
